The chemical structure and bonding of the hypermetallic Al 3 C and Al 3 C Ϫ species have been studied by photoelectron spectroscopy and ab initio calculations. Al 3 C Ϫ is found to have a planar triangular ͑D 3h , 1 A 1 Ј͒ structure ͑when averaged over zero-point vibrational modes͒ and Al 3 C is found to have a triangular distorted planar structure ͑C 2v , 2 B 2 ͒ with one elongated Al-C bond. Four peaks in the photoelectron spectra of Al 3 C Ϫ were identified at 2.56, 2.69, 3.23, and 4.08 eV. Assignment of the observed features was made on the basis of the ab initio calculations. The experimental adiabatic electron affinity of Al 3 C was measured to be 2.56Ϯ0.06 eV, compared to 2.47 eV calculated at the CCSD͑T͒ϩOVGF/6-311ϩG͑2df͒ level of theory. The excellent agreement between the calculated and experimental electron affinity, vibrational frequencies, and excitation energies allowed us to completely elucidate the geometrical and electronic structure of the Al 3 C molecule and its anion.
INTRODUCTION
A number of hyperaluminum molecules, Al 3 O ͑Refs. 1-5͒, Al 4 O ͑Refs. 2, 6͒, Al n N (nϭ3,4) ͑Refs. 6, 7͒, and Al n S (nϭ3 -9) ͑Ref. 8͒, with the number of ligands larger than what may be expected based on the octet rule, have been studied in the literature. In a sense, hyperaluminum species can be regarded as aluminum clusters bound ionically to a centrally located ''impurity'' heteroatom. The substantial stability of these molecules is due to the high degree of ionic character in the bonding between the central atom and ligands as well as bonding interactions among the ligand aluminum atoms. 2 This contrasts with ordinary molecules in which the only bonding interactions are between the central atom and its attached atoms or ''ligands,'' e.g., CH 4 , CF 4 , NH 3 , NF 3 , F 2 O, and H 2 O, etc., where the ligand-ligand interactions are repulsive. Hence, the usual valence theory, which does not include ligand-ligand bonding interactions is not able to predict the structure and stability of the hypermetallic molecules.
In this article we report a combined photoelectron spectroscopy ͑PES͒ and ab initio study of the Al 3 C Ϫ and Al 3 C species, which have not been investigated previously. PES of size-selected anions combined with a laser vaporization cluster source has been proven to be a powerful experimental technique to study the electronic structure of a wide range of novel molecular and cluster species. 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The PES spectra of Al 3 C Ϫ revealed four detachment channels, corresponding to the ground and first three excited states of Al 3 C. Ab initio calculations were performed for both the anion and neutral. The calculated electron affinity, vibrational frequencies, and excitation energies are in good agreement with the experiment, thus allowing us to completely characterize the geometrical and electronic structure of the Al 3 C molecule and its Al 3 C Ϫ anion.
EXPERIMENT
The experiments were performed with a magnetic-bottle time-of-flight ͑TOF͒ PES apparatus. Details of the experiment have been described in our previous publications. 22, 23 Briefly, Al 3 C Ϫ was produced by a laser vaporization cluster source. An intense laser pulse ͑532 nm͒ from a Q-switched Nd:YAG laser was focused onto a pure Al target. Sufficient Al 3 C Ϫ mass signals were produced due to carbon impurity in the Al target. A mixed Al/C target was also used, but it favored clusters with high C content ͑Al 3 C x Ϫ , xϾ1͒ and Al 3 C Ϫ was not produced more abundantly. The clusters formed from the laser vaporization source were entrained in a He carrier gas and underwent a supersonic expansion. The anion species in the beam were extracted perpendicularly into a TOF mass spectrometer. Al 3 C Ϫ was selected and decelerated before photodetachment by a laser beam. For the current experiment, three detachment photon energies were used, 355 ͑3.496 eV͒, 266 ͑4.661 eV͒, and 193 nm ͑6.424 eV͒. The resolution was better than 30 meV for 1 eV electrons at 355 and 266 nm and it was slightly poorer at 193 nm.
COMPUTATIONAL METHODS
We optimized the geometries of Al 3 C and Al 3 C Ϫ employing analytical gradients with polarized split-valence basis sets (6-311ϩG*) [24] [25] [26] at the hybrid method which includes a mixture of Hartree-Fock exchange with density functional exchange-correlation method ͑B3LYP͒, [27] [28] [29] at the MP2͑full͒ level of theory ͑meaning all electrons were included in the correlation calculations͒. 30 For the most stable structures, we employed the CCSD͑T͒ method [31] [32] [33] in all our geometry and frequency calculations using the same basis sets. Finally, the energies of the lowest structures were refined using the CCSD͑T͒ level of theory and 6-311 ϩG͑2df͒ basis sets. The core electrons were kept frozen in treating the electron correlation at the CCSD͑T͒ level of theory.
Vertical electron detachment energies of the two lowest singlet structures of Al 3 C Ϫ were calculated using outer valence Green function ͑OVGF͒ method [34] [35] [36] [37] [38] incorporated in GAUSSIAN 94. The 6-311ϩG͑2df͒ basis sets were used in the OVGF calculations. All calculations were performed using the GAUSSIAN 94 program.
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EXPERIMENTAL RESULTS
The PES spectra of Al 3 C Ϫ are shown in Fig. 1 at three photon energies. The 355 nm spectrum gave three features, a sharp peak at 2.56 eV ͑X͒, a second band ͑A͒ at 2.69 eV with discernible vibrational progression ͑ϳ610 cm Ϫ1 spacing͒, and a weak feature ͑B͒ at about 3.3 eV. The latter was observed more clearly in the 266 nm spectrum and was shown to be rather broad. The 266 nm spectrum also revealed an additional feature ͑C͒ with what appears to be a short vibrational progression of approximately 400 cm Ϫ1 spacing ͑see Table I͒ . This vibrational progression was rather unusual, in that the vϭ2 appeared to be quite strong. The 193 nm spectrum had very low count rates and poor statistics ͑especially at high binding energies͒ and did not reveal any new features except that the relative intensity of the B feature was enhanced. In all three spectra, a substantial tail on the low binding energy side was present. The magnitude of this tail could be changed by varying experimental conditions, but could not be eliminated. It most likely consisted of contributions from hot band transitions. The observed binding energies and vibrational frequencies for all the observed features are summarized in Table I .
The PES features represent transitions from the ground state of the anion to the ground and low-lying excited states of the neutral. The binding energy of the transition to the ground state defines the adiabatic electron affinity of the neutral, which is measured to be 2.56 eV for Al 3 C.
THEORETICAL RESULTS
At the B3LYP/6-311ϩG* level of theory, the global minimum of Al 3 C Ϫ was found to have a singlet D 3h (
0 valence electron configuration. However, at both MP2͑full͒/6-311ϩG* and CCSD͑T͒/6-311ϩG* levels of theory, the D 3h ( 1 A 1 Ј) structure was a saddle point. Following its imaginary frequency distortion, geometry optimization led to a C 3v ( 1 A 1 , 1a 1 2 1e 4 2a 1 2 3a 1 2 2e 4 3e 0 ) pyramidal structure ͑Table II͒, which was a global minimum for the Al 3 C Ϫ stoichiometry. The inversion barrier connecting pairs of such pyramidal structures is very small, only 35 cm Ϫ1 at the CCSD͑T͒/6-311ϩG* level of theory. Therefore, when zero-point energy corrections were added to both the C 3v and D 3h structures of Al 3 C Ϫ , the inversion barrier disappeared and the vibrationally averaged structure of Al 3 C Ϫ changed to D 3h . Therefore, we will use the D 3h ( 1 A 1 Ј) structure in our further analysis of the Al 3 C Ϫ anion. In Table I , we present our results of the OVGF/ 6-311ϩG͑2df͒ calculations of all low-lying vertical oneelectron detachment processes from the ground state At the OVGF/6-311ϩG͑2df͒ level of theory using CCSD͑T͒/6-311ϩG* geometry.
b
Polestrength is given in parentheses. c Calculated using the spin-pure CCSD͑T͒ plus OVGF method ͑see text͒. At the CCSD͑T͒/6-311ϩG͑2df͒ level of theory using CCSD͑T͒/6-311ϩG* geometry.
anion. We stress that OVGF results are free from spin contaminations and symmetry breaking problems. One can see that the lowest vertical detachment energy ͑VDE͒ at this level of theory ͑2.81 eV͒ corresponds to removal of an electron from the 2eЈ HOMO, and thus produces a pair of neutral-molecule states. The second VDE ͑3.58 eV͒ corresponds to electron detachment from the 1a 2 Љ MO and is well separated from the first transition. The third VDE at 4.38 eV corresponds to electron detachment from the 2a 1 Ј MO, and the fourth VDE at 7.75 eV corresponds to electron detachment from the 1eЈ MO. In all cases, polestrengths are around 0.9; therefore the OVGF method is expected to be valid and all these electron detachments can be considered as primarily one-electron processes. This qualitative picture of the vertical electron detachment energies is in excellent agreement with the experimentally observed spectra as illustrated in Fig. 1 .
INTERPRETATION OF THE PES SPECTRA
Peak X
Removal of an electron from the HOMO of Al 3 C Ϫ leads to a 2 E (1a 1  2 1e  4 2a 1  2 3a 1  2 2e 3 ) ground state for Al 3 C neutral, which is expected to undergo Jahn-Teller distortion [40] [41] [42] toward C 2v symmetry. We optimized the structures of the two states that derive from this 2 
, at the B3LYP/ 6-311ϩG* level of theory ͑Table III͒. The C 2v ( 2 B 2 ) state was found to produce a minimum ͑with all positive vibrational frequencies͒ and the C 2v ( 2 A 1 ) state generated a saddle point ͑with one imaginary frequency͒ on the intramolecular rearrangement of the Al 3 C molecule from one global minimum into another equivalent structure. However, when these two structures were then examined at the MP2͑full͒/6-311ϩG* and CCSD͑T͒/6-311ϩG* levels of theory, the C 2v ( 2 A 1 ) saddle point structure was found to be lower in energy than the C 2v ( 2 B 2 ) minimum-energy structure. Unfortunately, the spin contamination was rather high for both of the above structures, so the MP2͑full͒/6-311ϩG* and CCSD͑T͒/6-311ϩG* results may not be reliable. For this reason, we had to examine other ways for determining the energies of the C 2v ( 2 A 1 ) and C 2v ( 2 B 2 ) states. To circumvent the spin-contamination problem, we used an alternative approach in which the total energy of each state of the neutral Al 3 C molecule was calculated by substracting from the total energy of the anion Al 3 C Ϫ , computed at the CCSD͑T͒/6-311ϩG͑2df͒ level of theory, the corresponding vertical electron detachment energy of the anion computed at the OVGF/6-311ϩG͑2df͒ level of theory ͑for which there is no spin-contamination͒. We started from the geometries predicted to be minimum-energy C 2v ( 2 B 2 ) and saddle-point C 2v ( 2 A 1 ) geometries by the CCSD͑T͒/6-311ϩG* level of theory, and then examined small geometric distortions ͑with ⌬Rϭ0.05 Å and ⌬⌽ϭ2°͒ at which we computed the neutral states' energies in the above CCSD͑T͒ϩOVGF manner. The resulting optimal geometries of both neutral states, C 2v ( 2 B 2 ) and C 2v ( 2 A 1 ), were found to be practically the same as had been obtained in the spin-contaminated calculations, and, again the 2 B 2 state was found to be a minimum and the 2 A 1 state to be a saddle point. However, in these spin-pure calculations, the C 2v ( 2 B 2 ) structure was found to be lower in energy than the C 2v ( 2 A 1 ) structure by 0.3 eV. Therefore, we conclude that the C 2v ( 2 B 2 ) structure is the global minimum and the C 2v ( 2 A 1 ) structure is a saddle point, and that the lowest adiabatic detachment energy ͑ADE͒, assuming a transition to the C 2v ( 2 B 2 ) state, is 2.47 eV ͑see Table I͒ , which is in excellent agreement with the experimental value of 2.56 Ϯ0.06 eV.
Peak A
Peaks X, A, B, and C occur, respectively, near 2.56, 2.69, 3.48, and 4.08 eV. The lowest computed vertical detachment energies are 2.81, 3.58, 4.38, and 7.75 eV, with the first and last of these corresponding to producing degenerate E states of the neutral. As will be shown below in the following two subsections, the OVGF detachment energies at 3.58 and 4.38 ev account nicely for peaks B and C in the experiments, and the vertical detachment energy at 7.75 eV seems to be out of the range of any of the experimental features. Finally, as discussed above, one component of the degenerate 2 E state having a vertical detachment energy of 2.81 eV ͑specifically, the 2 B 2 component lying 0.3 eV below 
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EϭϪ764.025 58 au ⌬Eϭ0.008 eV ⌬Eϭ0.0 eV a At the CCSD͑T͒/6-311ϩG* optimal geometry.
2 E and thus at an adiabatic detachment energy of 2.5 eV͒ accounts remarkably well for the X peak in the spectrum. Therefore the peak A observed near 2.7 eV most likely relates to the second state ͑i.e., the 2 A 1 state͒ deriving from the 2 E pair lying at 2.81 eV. The C 2v geometrical structure for this 2 A 1 state discussed above as a saddle point cannot be associated with peak A because this structure is not geometrically stable. Peak A must be associated with a transition to some other geometrical structure on this 2 A 1 energy surface.
Another possibility is that peak A could be vibrational structure in the peak X transition. However, according to our calculations, no vibrational frequency is large enough to account for the Ͼ1000 cm Ϫ1 energy separation between peaks X and A. Therefore, we tentatively assign peak A to a transition into the second state ͑i.e., the 2 A 1 state͒ of the JahnTeller pair of states derived from the 2 E pair.
Peak B
The third vertical electron detachment energy ͑peak B͒ was found to be 3.48Ϯ0.06 eV ͑Table I͒, which agrees well with the calculated value 3.58 eV at the OVGF/ 6-311ϩG͑2df͒ level of theory, corresponding to vertical detachment from the 1a 2 
state. This is a nonbonding MO composed primarily of the 2 p -AO of the carbon atom ͑Fig. 2͒. After geometry optimization of the D 3h 2 A 2 Љ structure, we found it to be a local minimum with a substantial elongation of the Al-C bonds by 0.1 Å at the CCSD͑T͒/6-311ϩG* level of theory ͑Table III͒, consistent with the broad nature of this transition. The MP2͑full͒/6-311ϩG* and CCSD͑T͒/6-311ϩG* calculations of the D 3h 2 A 2 Љ state are almost free from spincontaminations, but the 2 frequency experienced a symmetry breaking problem at the MP2͑full͒/6-311ϩG* level of theory. The adiabatic electron detachment energy was calculated to be 3.21 eV at the CCSD͑T͒/6-311ϩG͑2df͒ level of theory, again in excellent agreement with the experimental value of 3.23Ϯ0.09 eV ͑Table I͒. At the CCSD͑T͒/6-311ϩG* optimal geometry.
Peak C
The fourth peak C can be assigned to detachment of an electron from the 2a 1 be a local minimum with the C-Al bond being essentially the same as in the Al 3 C Ϫ anion ͑Table III͒. The MP2͑full͒/6-311ϩG* and CCSD͑T͒/6-311ϩG* calculations are again almost free from spin-contamination. The ADE was calculated to be 4.11 eV at the CCSD͑T͒/ 6-311ϩG(2df) level of theory, in excellent agreement with the experimental value 4.08Ϯ0.03 eV ͑Table I͒. The structure of the D 3h 2 A 1 Ј state is nearly identical to that of the anion, consistent with the sharp detachment feature observed. Based on the fact that there is little geometry change between this state and the anion, no vibrational excitation should be observed in the photodetachment transition. However, a short vibrational progression was observed in the C band and the frequency ͑ca. 400 cm
Ϫ1
͒ was in excellent agreement with that calculated for the totally symmetric mode ( 1 ). However, we observed that the intensity of the vϭ2 feature in the C band was unusually high and noted that the calculated frequency of the 3 (eЈ) mode ͑Table III͒ is nearly identical in energy to two quanta of the 1 mode. Therefore, the unusual intensity pattern could alternatively be due to excitation of 3 (eЈ) mode. At this time, we cannot resolve this issue.
DISCUSSION
Overall, we obtained excellent agreement between experimental and ab initio results, allowing us to conclude that the structure of both Al 3 C Ϫ and Al 3 C have been established with reasonable certainty. Al 3 C Ϫ is found to have a planar triangular ͑D 3h , 1 A 1 Ј͒ structure ͑when averaged over zeropoint vibrational modes͒ and Al 3 C is found to have a triangular distorted planar structure ͑C 2v , 2 B 2 ͒ with one elongated Al-C bond.
The electron affinity of the Al 3 C molecule (2.56 Ϯ0.06 eV) found in this work is substantially higher than the electron affinity of the pure Al 3 cluster (1.90Ϯ0.03 eV), 4, 20 of Al 3 O (1.14Ϯ0.06 eV), 4 or of Al 3 N (0.96Ϯ0.08 eV). 7 As one can see from these results, an impurity atom may affect the electron affinity of the Al 3 cluster in both directions: the electron affinity can be increased by inserting a carbon atom inside the Al 3 cluster or decreased when an oxygen or nitrogen atom is inserted inside the Al 3 cluster. In all three Al 3 X ͑XϭC, N, O͒ molecules, the structures with X inside the cluster was found to be the global minima. Therefore, knowing the influence of impurity atoms on clusters, their electronic properties can be modified in a desirable direction. Further studies will be needed to completely understand the unique chemical bonding properties of the hypermetallic cluster species and to design a theory of the influence of impurity atoms on the physical and chemical properties of these clusters.
